Unlike the contiguous windthrows, the scattered windthrows occurring as a result of wind gusts of lower speed (100-140 km/h) than in the first case (>140 km/h) are much more difficult to detect due to their much smaller areas and due to their very large number (several hundred in the wooded Vosges Mountains). The objective of this research is to present a rapid procedure for the detection of the scattered windthrows based on low cost, Landsat type images, knowing that certain sensors cannot be accessed without significant investments. Our application is based on the study of effects caused by the Storm Xynthia in the Vosges Mountains in the North-East of France, on 28 February 2010. Thus, based on two sets of Landsat satellite images, we used the "dark object" approach and the Disturbance Index, as well as the image classification before and after the storm, resulting in a map of changes. Following the detection process, 257 scattered polygons were detected, totalling 229 ha. For validation purposes, highresolution images and orthophotoplans taken before and after storm were used. The error matrix was calculated, achieving an overall accuracy of 86%, which confirmed the quality of our analysis and supported this procedure for detecting scattered windthrow based on low cost resources.
Introduction
Windthrows are known to depend on the stability of the stands in relation to wind speed and force, stand composition and structure, trees height and their state of health, the soil type and the morphometric and morphological characteristics of the relief. Despite of these risk factors, the decisive cause of windthrows is given by the wind gusts speed. Of course, the cyclones, generating the most destructive winds, are not known at the latitudes of France. However, violent storms happen regularly in northern Europe. From a meteorological point of view, the storm is the active center of a depression that is associated with strong wind gusts and high intensity precipitations. Some storms, that affect French territory, come from the shifting of a tropical cyclone into a depression of medium latitudes. Storms are known to be the most destructive natural disasters for forests in terms of frequency of occurrence, damages caused and their spatial extent [1] [2] [3] . Unfortunately, there is no time series archive long enough to shape their frequency. But due to the existence of satellite imagery archives, it is possible to reconstitute the windthrows caused by the latest storms.
Such storm occurring in France was the Storm Xynthia, on 28 February 2010. Although it did not have the exceptional nature of the catastrophic storm Lothar in 1999 [4, 5] or storm Klaus in 2009 [6] by its maximum speed (160 km/h), it caused major damage i.e. thousands of cubic meters of forest destroyed in Lorraine and Alsace. The Pôle interrégional de la Santé des Forêts du Nord-Est Institute [7, 8] mentions for the Lorraine region some 15,000 m 3 of destabilized spruce at Louppy-sur-Loison (department of Meuse), some pine forests in the Warndt Plateau (department of Moselle), and, to a lesser extent, some aged beech forests. In the Alsace region, the same source [8] mentions some limited destabilization in forest border areas or in areas where there is no longer any interest in logging. Besides the official reports [9] [10] [11] [12] the press of the time, i.e. The Vosges Matin newspaper, LOR'Actu, France Culture, but also other local and regional media sources have presented more dramatically the effects of this storm on the forests of Vosges mountains, suggesting that many more points would have been affected, as the windthrow had a diffuse character [13, 14] . Even if several years have passed since that event, through remote sensing images that stored the condition of vegetation, in this paper we tried to identify the scattered affected areas that might be ignored due to their small extension, but they were important from the economic point of view.
The detection of the changes caused by storms, be they contiguous or scattered, is very important in order to establish spatial and temporal trends in the rehabilitation and management of forest resources. Papaik and Canham [15] show that storms can be seen as an integral part of the forest ecosystems functioning, but that the detection of changes must be conducted in order to know and manage ecosystems and forest resources. The use of remote sensing in forestry applications is today an extremely useful tool to acquire knowledge and conduct the management of forest ecosystems. The information provided by this tool on the interaction between the atmosphere and the forest for the purpose, for example, of locating the damage caused by storms in the context of climate change [16] [17] [18] [19] or for carbon sequestration potential [20, 21] is a must because it can help extrapolate this information to larger spatial scales.
Huang et al. [22] proposed a method for the detection of forest areas affected by storms, the use of vegetation indices and the Tasselled Cap Transformation. Based on this transformation, Healey et al. [23] developed the Disturbance Index, used for windthrow detection. This procedure was then optimized and adapted to the purpose of continuous monitoring of forest disturbances through time series images [24] [25] [26] [27] [28] .
Another trend for the development of remote sensing to identify windthrow refers to semi-automatic or automatic procedures. Stach et al. [29] proposed mapping by optical and radar remote sensing. Huang et al. [30] developed dark object concept and support vector machines to automate forest cover change analysis, while Kennedy et al. [31] used LandTrendr segmentation algorithms in order to develop maps of forest disturbance and regrowth.
Regarding the methodology applied to assess the consequences of storms Martin and Lothar in 1999 on the forests of France, Stach et al. [32] concluded that the best results were those achieved by radar remote sensing.
Due to the meteorological risk events causing significant damage throughout recent decades, France, but also other countries in Western Europe experienced windthrow over large areas. Therefore, the researchers from the French National Forest Inventory [6, 33] have developed a new semi-automatic methodology, the "7-points method" to map the damage caused by the storms and to monitor the land use adapted to varied landform conditions. The principle of the method is based on the "pixel per pixel" comparison of two satellite images recorded before and after the storm. The "pixel per pixel" and "spectral band with spectral band" difference is performed to highlight the radiometric evolution between the images before and after the storm. In order to detect the windthrows, the "7-points method" combines the change detection techniques with an automatic image segmentation phase, namely the delimitation of homogeneous areas in terms of radiometry and texture. This methodology has been used to map the windthrows and damage caused by the storms Lothar and Martin in 1999 in Forêt des Landes, South-Western France. The windthrow mapping in the Vosges department in the year 2002 was carried out by combining remote sensing for the plain and hill areas with aerial photogrammetry for the mountain areas [33] . The forest damage caused by the storm Klaus occurring in January 2009 were also evaluated using the 7-points method [6] . The working principle of these methods is the achievement of real-time information by transforming the remote sensing images into vegetation state indices needed to identify the disturbances or abnormalities occurring in the forest areas [34] .
The wider and wider use of very high-resolution (VHR) remotely sensed images has stimulated the development of object-based methods and data mining techniques, which were much more effective for change detection [35] . Bauman et al. [24] have developed a methodology for detecting and analysing windthrow for various meteorological phenomena (from simple storms to meteorological extreme events). Moreover, they have managed to separate the disturbances due to the storms as compared to those caused by massive forest cuttings in the forest areas, as well as to the other land cover classes. The methodology applied in this study was based on the windthrow detection using the Disturbance Index that was designed considering the Tasselled Cap Transformation and the "dark object" approach.
The purpose of our application is to detect the forest areas in the Vosges Mountains affected by the Storm Xynthia in February 2010, as it is well known that there are scattered windthrows, without taking into account more sophisticated and more expensive imaging resources, such as those mentioned above, but, on the contrary, using Landsat's least expensive satellite imagery.
The Study Area and the Storm Event
The study area is represented by the Vosges Mountains (7,360 km 2 , of which 4,400 km 2 are covered by forest), located in the North-Eastern part of France (see Figure 1 The Vosges Mountains are predominantly covered with forest (60% of the surface of the mountains today), especially conifers (pine and spruce), going up to the altitude of 800-1000 m, while towards the foothills of the mountains there is a transition to deciduous forests, as well as to open meadows that were created by man for agricultural practices. The forest cover of the Vosges Mountains ranks second in France in terms of extent, after the Landes forest. The Vosges forest is the first region of France in terms of pine, fir and spruce production, with a crop of 1.5 million m 3 of logs, namely 1/3 of the country's total production. Nowadays, the authorities apply the sustainable management principle, so that despite the significant harvest, the forest of Vosges is progressing, the annual harvest being much lower than the growth rate [6] .
Due to the geographic location, the Vosges Mountains experience two climate influences: oceanic and semicontinental. Because of this location, climatic conditions and topography, the Vosges Mountains area has often been affected by major winter storms that have led to windthrows over extensive forest areas, causing the greatest damage if we also referred to other damaging causes for forests.
The Xynthia winter storm occurred from a low pressure system formed in the subtropical area South of the Azores on 25 February 2010. The Southern flow of cold air masses from the altitude caused the formation of a depression over the Centre and Eastern part of the North Atlantic Ocean. The high temperature difference between the extremely hot air flow above the Africa and the cold air in the Eastern Atlantic Ocean has accentuated the decrease in atmospheric pressure that led to the formation of the powerful Xynthia cyclone. The cyclone experienced a rapid intensification affecting 8 countries, and causing 65 deaths [36] in its movement from SW to NE (see Figure 2 ).
As Bock et al. [37] stated, the institutes in France involved in the management of the forest resources Office National des Foręts (ONF), Institut pour le Développe- , have studied the dependence between windthrows and wind speed. In regular beech forests, isolated windthrows occur at a wind speed ranging between 100 and 120 km/h, multiple scattered windthrows occur at a 120-140 km/h wind speed, and large scale and frequent windthrows occur at speeds over 140 km/h. The same authors also found that at the height of the trees below 23-24 m the windthrows were rarer, but at wind speeds over 120 km/h the frequency of windthrows increased proportionally to the height of trees.
The Alternative of Using Low Cost Resources
Nowadays, in the context of the impetuous development of remote sensing techniques, there is a natural preference for high and very-high-resolution (VHR) remote sensing images. The availability of satellite data varies and choosing the best sensor is very important in order to select the data which better suit our purpose and to get more accurate results. When detecting windthrows using optical satellite imagery it is important to know which sensor is appropriate. Schwarz et al., [39] summarized the criteria to be considered in choosing the appropriate sensor, namely: data availability, spectral resolution, spatial resolution and temporal resolution. Besides availability and resolution, the cost of data represents also an important factor to be considered. We also have to admit that sometimes it is not pos-sible to capture real-time images or create time series of images. Maybe this would be possible, but the cost of raw data purchases is too high. Therefore, we would like to assess if less expensive and easier-to-acquire images, such as Landsat, despite their lower resolution, would still be sufficient and capable of detecting scattered windthrows. Starting with 2014 Sentinel Radar images are also free, but obviously these cannot be considered because the event we studied occurred in 2010. If the purpose of a research is the restoration of the old windthrown trees, obviously, only the sources produced by the older satellites or having an archive (Landsat from 1980) can be accessed [40] [41] [42] [43] [44] [45] [46] [47] .
The reason in choosing Landsat sensor for this study was the wide swath and the low cost. The medium resolution Landsat data is not as sharp as high-resolution images, but the amount of information it contains along with the large area coverage make this data suitable for large-or small-scale studies.
We studied the scattered windthrows in the Vosges Mountains and the exact location of these disturbances was unknown. Each type of satellite images has advantages and disadvantages in detecting windthrows. Malthus et al. [48] have developed a comparative study to emphasize the advantages, limitations and, where possible, even prices of current remote sensing image sources used in commercial forestry. Similar comparisons have been developed by Suárez et al. [49] , which compared optical techniques with RADAR and LIDAR data. Melesse et al. [50] presented the characteristics of 20 different satellite sensors, while Einzmann et al. [3] summarized the specification of sensors used for forest disturbance detection.
The free access policy for Landsat data has made this data more and more frequently used in remote sensing studies [51, 52] . However, with the accessibility of these data, there is a challenge to find images without clouds or with very little cloud coverage in the analyzed area, because clouds can significantly influence the reflection from different spectral bands [53] . This is an issue we have also faced, and we will present next how we have solved this shortcoming.
Materials and Methods

Workflow
In this study we aimed to highlight the applicability and efficiency of Landsat data in detecting scattered windthrows caused by the storm Xynthia that crossed the Vosges Moun- (Table 1) . We selected no clouds or very few clouds images that were recorded during the growing season and for the same vegetation season (June), to reduce the impact of vegetation in different seasons.
The study was conducted using standard ArcGIS and ENVI software's. The main steps followed are illustrated in Figure 3 .
The first step consists in pre-processing the satellite imagery, namely converting them from digital numbers (DNs) into reflectance. This operation was done using the formulas given by Chander & Markham [55, 56] . First, the DNs were converted into spectral radiance using the equation:
where: L λ -the spectral radiance at the sensor level and referring to the wavelength λ for the specific band; DN -Digital Number; gain and bias -are specific calibration parameters determined before launch For the relatively clear Landsat images, a reduction in variability of images has been made by converting spectral radiance into surface reflectance, using the following equation: Rλ = (π * Lλ * d2)/(ESUNλ * sin θS)
where: R_λ -Spectral radiance at the sensor's aperture; Lλ -Spectral radiance at the sensor's aperture calculated through equation 3; d -Earth-Sun distance [astronomical units]; ESUNλ -Mean exoatmospheric solar irradiance [56] ; SinθS -solar zenith angle in degrees. The next step consists in masking the water bodies and dark soil and clouds to avoid these pixels being confused with pixels corresponding to the vegetation areas, by using the Normalized Differentiation Vegetation Index (NDVI) values. These non-forest dark surfaces such as water, dark soil, and dark impervious surfaces need to be masked because these can be as dark as or even darker than forest pixels [26] . To identify and remove these pixels we used the method proposed by Huang et al. [26] , which was based on the spectral properties of water bodies, dark soil and clouds. Pixels are classified as water or dark soil if they have reduced reflection in the short-wave infrared (SWIR band) and if they have low NDVI index values calculated based on the spectral bands in the visible (RED) and near-infrared (NIR). After calculating the NDVI, a threshold was set to delineate the land-cover classes from the masked areas covered by water and soil, respectively. In this study the 0.25 threshold was used.
Then the images were grouped into forest and nonforest areas. The classification was made for the two images, before and after the storm, respectively. Then, the difference between the grouped images was made, leading to the identification of lost forest vegetation areas. In addition, to improve the result obtained in the previous step, the Disturbance Index (DI) was used. Then, the validation of results was carried out. The evaluation of results relies upon the data and information used. The accuracy can be directly influenced by the quality and availability of the ground data (the resolution of aerial orthophotos, high-resolution satellite imagery). The first step in results validation is to calculate the accuracy assessment and the Kappa statistic. To evaluate the accuracy of the supervised classification, we used 100 random points for each class we used. These points were manually labeled using Quickbird Google Earth and Rapid-Eye high-resolution imagery [57] . These high-resolution images were used only for the confirmation and validation of the classification. Also, for results verification and validation purposes, orthophotoplans from 2009 were used, with a resolution of 2.5 and 5 m, available in [58] .
Training and image classification
In order to obtain the forest areas, the image before the Storm Xynthia must be classified into "forest" and "nonforest". This is carried out following two steps: automatic extraction of forest pixels based on the histogram, and by conducting a supervised classification of the two images before and after the occurrence of the phenomenon.
Automatic extraction of forest pixels
The forest pixels have been identified using the "dark object" approach [30] which involves the delineation of the "forest peak", based on a band local histogram (see Figure 4) . In the absence of non-vegetated dark objects (which were masked previously), the forest pixels will be located to the left of the histogram, while the first peak on the left will be considered the "peak forest".
Huang et al. [30] recommend considering two major factors: i) delineation should be done for a local image window because this area will contain fewer classes of land cover and the delineation of forest classes from other classes will be easier to achieve. ii) selection should be made of the appropriate band to create the histogram which sets the basis for class delineation.
In order to determine whether pixels have been classified properly into forest and non-forest, we have set samples of black pixels representing vegetation based on which we calculated the Integrated Forest Index (IFI) [24, 30] .
where: b i and SD i are the mean and standard deviation of forest training pixels within the image for band I; b pi is the band i spectral value for pixel p; NB is the number of spectral bands.
Low IFIs values indicate a high probability of wooded areas, while high values indicate high probability of other land cover categories. Certain dark pixels corresponding to crops may be spectrally similar to pixels for forest areas but will have IFIs values lower than the forest areas. To eliminate them, it is necessary to set a threshold value, which separates the forest areas from the other areas. For the present study, the threshold was set to 3, so pixels smaller than or equal to 3 were considered to belong to the wooded areas.
Supervised classification
The purpose of the classification in this study is to complement the result of extracting forest pixels by means of the histogram. First of all, land cover classes [water bodies, forest areas (conifers, mixed and deciduous trees), urban areas, pastures and agricultural areas] were established and the pixels were selected for the classification algorithm to acknowledge the classes. A number of 150 training samples were used for each land cover classes selected. After running the Maximum Likelihood Classification algorithm (in Figure 5a) , the resulting images have been reclassified into forest areas and non-forest areas. Finally, following the classification of both images from 2009 and 2010, the separation of the forest areas from the non-forest areas was achieved (see Figure 5b ). This will be used in the end to obtain a change map for the two analysed temporal frames.
To exemplify the result, we performed a zoom on a 26.6 km × 20.5 km sample area, i.e. on a 54,613 ha area, with the Remiremont city at the centre a sample that was also used for the other examples.
Forest Disturbance Detection
The detection of forest disturbed areas was carried out using the Disturbance Index (DI) developed by Healey et al. [23] and applied by [24, [59] [60] [61] [62] [63] [64] [65] 65] . The procedure is based on a combination of bands resulting from the Tasselled Cap Transformation, which reduces the six bands of Landsat TM image (excluding the thermal band) into three bands that render brightness (B), greenness (G), and wetness (W).
This index highlights the difference in spectral signatures and thus disturbed forest areas have higher brightness values and lower values for greenness and wetness bands compared to undisturbed forest areas. The index is calculated based on the formula:
where: Br, Gr, Wr are the Tasselled Cap bands, standardized (resized) around the scene's mean forest value. The result of the calculation is a single band, where positive values generally indicate areas with disturbance. In order to separate the disturbed areas from the nondisturbed ones, it is necessary to identify a limit threshold, depending on the environmental conditions in the studied area. In our case, the value of DI = 2.5 best identifies the areas affected by windthrows.
Results and Discussion
The algorithm we propose is similar to the French methodology known as the "7-point method" [33] . However, this still includes different stages, proving to be effective in detecting scattered windthrows based on Landsat images.
The difference between this method and the "7-points" method is given by the steps followed and the approaches used. The first difference is given by the satellite images utilized. This study is based on medium-resolution Landsat satellite images, while the "7-points" method uses high resolution images. In the "7-points" method, "pixel per pixel" is used in order to detect the changes. The same "pixel per pixel" approach was also used in this study, but it was applied to forest/non-forest images. The next stage in the "7-points" approach consisted in the segmentation of the disturbed areas. As Darwish et al. [66] stated, the segmentation techniques on the Landsat images emphasized the fact that the results provided a low accuracy. Therefore, this method is not recommended for medium resolution images. Instead, in this study we used the Disturbance Index to detect the affected areas.
The last step in the "7-points method" is to integrate the results obtained by segmentation with the soil results. Thus, by classifying the disturbances produced, a map of damage was obtained. Due to lack of ground data, we have chosen to do a validation based on the error matrix.
The Landsat images have been used successfully in other studies to detect forest area affected by wind storms using vegetation indices, image differencing, principal component analysis and others approaches. Landsat data and Disturbance Index was used by Healey [23] in assessing forest disturbances in multi-temporal data. Vogelman, [67] used Landsat time series data sets to detect forest changes. Furtuna et al., [68] used Tasseled Cap Transformation based on Landsat satellite to detect a windthrow occurred in 2011 in Apuseni Mountains. Another study by Vorovencii, [69] stated that applying image differencing in Tasseled Cap Transformation (based on Landsat image) is the most appropriate technique to detect windthrows.
After running all the steps to detect the damage areas, the last step involved the overlapping of the initial image classified as "forest areas" and "non-forest areas" with the map derived from the DI calculation, and so we obtained a change map for the forest area in the Vosges Mountains in 2009-2010. As seen in Figure 6 , scattered windthrows occur in the form of scattered polygons, or rather points, on the territory of the Vosges Mountains, some points being so small that they cannot be visually perceived at the scale of cartographic representation in the figure above. We identified 257 polygons affected by windthrows, with a total area of 229 ha. We attach supplemental material to indicate scattered windthrow (see Appendix A).
Accuracy Assessment
To evaluate the quality of the analysis, we assessed the overall accuracy and the Kappa coefficient. Following the classification of the two images, the accuracy assessment was carried out in two steps: a) the accuracy of supervised classification and of forest/non-forest classification and b) the accuracy of the forest-change map.
The polygons resulting from the detection process were overlapped with the aerial orthophotos to see whether there is vegetation in the detected areas. The outcomes were summarized in an error matrix, while cal- culating the overall accuracy and the Kappa coefficient. Therefore, the accuracy assessment calculated for the forest/non-forest classification is given by the overall accuracy = 94.14% and by the Kappa coefficient = 0.92. The evaluation of the forest changes occurred between 2009 and 2010 was carried out based on a sample of 300 points. The previously defined samples considered as real elements in the field were used to calculate the error matrix, the overall accuracy, the kappa statistic and the user's and producer's accuracy for each class.
For the change map we used three classes, namely constant forest (CF) that did not change in the two images, disturbed areas (D) and other non-forest classes (NF). The constant forest area is given by those areas that were represented by forest both in the before Storm Xynthia image and in the after Xynthia image, while the areas with disturbances are those areas that were classified as forest in the before Xynthia image and that appeared as non-forest in the after Xynthia image. The overall accuracy obtained for the change map was high, i.e. 86%, and the value of the Kappa coefficient was 0.84. Also, the class represented by the constant forest had the user's and producer's accuracy higher than the disturbance class. The error matrix was cal-culated, achieving an overall accuracy of 86%, which revealed that our methodology adapted for low cost image resources, could be used for the rapid detection of scattered windthrows in the temperate zone.
Following the analysis conducted, it was concluded that most of the affected polygons had a predominantly coniferous vegetation composition (75%), with slopes facing N, NW and W.
Results validation
Once the accuracy assessment has been set, the next step was the validation of results. Detecting forest surface changes using satellite imagery is a difficult task and requires validation using ground data. The validation was conducted based on disturbance data occurred in 2010 in the mountains area (data available on [70] , referring to all types of disturbances, not only windthrows), on the cadastral forest plots for the two years (data available on [71] , as well as on the aerial orthophotos of 2009 and the highresolution satellite imagery of 2010. For the final validation we used the change map obtained previously and we combined it with data on disturbed forest areas, according to the French National Forest Inventory (IFN). The resulting polygons during the detection process were overlapped with the disturbed areas. Hence, we obtained a first validation of the results. Figure 7 highlights one of the polygons detected from the image processing, overlapped with the Landsat satellite image of 2009 (in Figure 7b ), and the Landsat image in 2010, respectively (in Figure 7c) .
Also, in order to obtain a picture of the "ground-truth", this polygon was overlapped with the aerial orthophoto of 2009, and with the 2010 satellite orthophoto (see Figure 8 ), thus achieving a new validation.
Another validation was carried out using highresolution satellite imagery available in Google Earth. For an easier interpretation of the effect of the Storm Xynthia, we zoomed out to a sample territory of 26.6 km × 20.5 km, i.e. 54,613 ha, with the Remiremont city at the centre (see Figure 9 ). Hence, Figure 9 (b) highlights another polygon obtained as a result of the disturbed areas detection process. This polygon is superimposed on the change map (in raster format). In the windthrows detection phase, raster data were used which were subsequently converted into vector data in order to overlap the final results. By converting these images, a comparison between the results detected on raster format (blue colour) and vector representation (purple polygon) was achieved. The geometric effect of this polygon obtained by switching from raster format to vector format suggests a possible underestimation of the actual area damaged by the wind. Figure 9(d) shows the image before the storm Xynthia, while Figure 9 (c) illustrates the forest state after the storm Xynthia.
Conclusions
The tree windthrows caused by storms are much easier to detect by the authorities if they are contiguous, compared to the scattered or isolated ones. The scattered windthrows occur in the temperate zone at wind gusts of 100-140 km/h and their areas range between a few tens of square meters and a few hectares, but they are very numerous (several hundreds in the wooded Vosges Mountains). For this rea-son, they are more difficult to detect, map and, obviously, it is much more difficult to characterize the extent of the damage. However, the detection of changes occurred as a result of the scattered windthrows, even if they are several hundreds, is also important in order to set the spatial and temporal rehabilitation and forest management trends. In this regard, this paper presents a rapid procedure for the detection of the scattered windthrows based on low cost images, knowing that certain sensors cannot be accessed without significant investments. Our application is based on the study of effects caused by the Storm Xynthia in the Vosges Mountains, on 28 February 2010.
The detection of areas damaged by the Storm Xynthia by applying the pixels delineation method based on the histogram enabled us to automatically delimit the forest pixels from the non-forest ones, thus reducing the working time. The Disturbance Index enabled the more accurate delineation of the affected areas.
The classification of the area into forest and non-forest increases the precision level for the detection of affected areas. The Tasselled Cap Transformation and the calculation of the Disturbance Index enable us to highlight the affected areas. The accuracy assessment of the results obtained for the change map was high (86% overall accuracy and the value of the Kappa coefficient was 0.84).
The results of this research highlight the usefulness of the Landsat satellite imagery, more easily to access than other types of images for the analysis and detection of windthrows.
It is worth mentioning that when detecting and assessing windthrows, the choice of the appropriate sensor will depend on the availability of data, cost, scale of the fragmented landscape and area of interest, because the high resolution imagery is not available globally, like Landsat data. If the exact small scale (< 0.5 ha) delineation of the windthrow is needed, then the high-resolution imagery is suitable. But if the goal is to detect windthrows quickly, then the medium resolution data is more useful.
